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Abstract

:

Like other high-latitude seas, the subpolar Bering and Okhotsk Seas in the northernmost Pacific Ocean changed rapidly from 1998 to 2018. The sea surface temperature (SST) increased by 0.62 and 0.41 °C/decade, respectively, much higher than the global rate of 0.108 °C/decade from 2000 until 2015. Despite this rapid warming, the chlorophyll content did not change significantly in the Bering Sea but increased by 0.047 μg/L/decade in the Okhotsk Sea. The Secchi disk depth (SDD) increased by 0.43 and 0.46 m/decade, respectively. Similar to other warm bodies of water, the SST of the subtropical/tropical South China Sea (SCS) also began rising, by 0.089 °C/decade, albeit more slowly than the global average. The chlorophyll content increased at 0.15 μg/L/decade from 1998 to 2006 but decreased by 0.11 μg/L/decade between 2007 and 2018. The SDD increased by 0.29 m/decade between 1998 and 2018. Although the SDD increased in all three seas, the chlorophyll concentration was maximum around 2006–2009, reflecting different phytoplankton responses to seawater warming.
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1. Introduction


Marginal seas of the Asia Pacific are among the most productive areas in the world and support the livelihood of hundreds of millions of people. Solar energy, nutrient concentrations, SST, seawater turbidity (represented by the SDD), and primary productivity (characterized by the chlorophyll concentration), among other things, affect fisheries production, which is a significant source of protein in the region. The SST and chlorophyll concentration are also two important factors affecting the air–sea exchanges of oxygen and CO2. Here, we use readily available satellite data to investigate the trends in SST, chlorophyll content, and SDD in the subpolar Bering/Okhotsk Seas and compare these trends with those in the subtropical South China Sea. Other than showing the subpolar vs. subtropical contrasts, our results are compared with findings in other marginal seas and the open oceans.



In the era of global warming, the SST has been rising everywhere. The consequent increase in the water column’s stratification weakens the upward pumping of nutrients from the nutrient-rich subsurface layer. Thus, biological productivity declines in the global open oceans [1,2,3]. However, marginal seas may act differently because of the increasing anthropogenic nutrient input from rivers, submarine groundwater discharge, sewage outflows, or land-sourced aerosols [4,5,6].



Compared to the well-studied but smaller marginal seas such as the East China Sea (ECS), the three largest marginal seas in the Pacific Ocean—the Bering, Okhotsk Sea, and the South China Seas—have received less attention. The subpolar Bering Sea (Figure 1) is the third-largest marginal sea globally after the South China Sea (SCS) and the Mediterranean Sea [7]. Like most marginal seas, the Bering Sea is more eutrophic than the open oceans and has one of the world’s highest productivities [8].



The Okhotsk Sea (Figure 1b) is the sixth-largest marginal sea globally and the third-largest in the North Pacific. Although geographically this sea is located at temperate latitudes, it has many characteristics of a polar ocean. The subtropical SCS (Figure 1c) is the world’s most immense marginal sea and connects the Pacific and Indian oceans [9]. The West Philippine Sea (WPS) is the primary source of water for the SCS.



Numerous works report that increasing SST may reduce primary productivity (PP) and ocean biomass. In response to warming, there is a poleward migration of tropical and sub-tropical biota between estuaries [10]. However, different areas of the highly variable marginal seas may respond to global warming on various time scales [11]. The SST in all three seas has increased [12,13,14,15,16]. This paper concerns recent changes between 1998 and 2018.



Climate change has affected all marginal seas. For example, in the Okhotsk Sea, the extent of sea ice has decreased while the shelf water’s salinity has been reduced [17]. More open waters in the winter may facilitate the air–sea exchange of oxygen and the uptake of more anthropogenic CO2. However, DO concentrations in the Bering, and Okhotsk Seas have generally declined over the last five decades, although it has increased in the SCS [18,19,20,21]. Locally, the DO concentration has fallen because of eutrophication, such as in the bottom waters offshore Hong Kong [6].



Like the two seas reported above, the SCS surface water salinity has also been falling [22]. This is in line with the notion that seas with relatively low salinities, such as most marginal seas, are falling in salinity. On the other hand, more saline regions have increased salinity [23]. SCS water’s freshening is due to a drop in salty Kuroshio water intrusion between 1993 and 2012 [22,24,25]. However, Lui et al. [26] reported that the Luzon Strait had experienced increased Kuroshio intrusion since 2012. These complicated processes affect SCS’s biogeochemistry. Nutrient and inorganic carbonate concentrations and water transport from the SCS to the ECS are rising overall. This rise is related to an abnormal change in sea surface height [27]. These signals correlate with the PDO and provide overall patterns of environmental changes in the three seas studied.



These three seas have had a fall in pH due to the penetration of excess CO2 from the atmosphere [6,28,29]. Similar to what happens in the open oceans (e.g., Bindoff et al., 2019 [1]; IPCC, 2022 [3]), values of many biophysical metrics have also changed in marginal seas. Yet there have been very few reports of quantitative temporal trends exhibited by these seas in contrasting environments. What follows investigates temporal changes in SST, chlorophyll content, and Secchi Disk Depth (SDD) in these three seas between 1998 and 2018 based on satellite data, and provides a mini-review of synthesized results of long-term changes by incorporating recent literature data. Results are compared with what was found in other marginal seas and in the open ocean.




2. Sea Surface Temperature


Changes in SST between 1998 and 2018 are based on the Advanced Very High-Resolution Radiometer satellite data with a spatial resolution of 0.25°. This data can be obtained from NOAA’s National Centers for Environmental Information (https://data.nodc.noaa.gov/ghrsst/L4/GLOB/NCEI/AVHRR_OI/; accessed in 15 April 2019). Pixels were removed when the number of available data was less than half of the total data, most likely due to cloud coverage. In some areas, the SST may represent ice surface temperature. Chen et al. [14,15] provided the details. The climatological SST was lowest, below 3 °C, on the continental shelf in the NE Bering Sea. The SST was slightly higher in the deep basin and jumped to 7 °C south of the Aleutian Islands. A sizeable seasonal variation occured from an average temperature of 1 °C in February to 10 °C in August (Figure 2a). The highest SST increase occured in the western basin, reaching 0.6–0.8 °C/decade from 1998 until 2018 (Figure 3a), similar to other high-latitude seas [30,31]. The overall average SST increased by 0.62 °C/decade (p = 0.06) based on the linear fit (Table 1). The cubic polynomial fit gave the same p-value, but the end effect was significant (Figure 3a). Of note is that because the data record is short, a few years of data can change the trend tremendously.



The SST increase is comparable with Belkin [32] ‘s 1.1 °C/decade warming between 1982 and 2006 in the eastern Bering Sea. By comparison, the global SST increased by less than 0.15 °C/decade from 2000 to 2015 [31] and is projected to increase by 2.2 °C by the end of the century, based on the RCP2.6 scenario [33]. The Arctic, including the Bering Sea, has been projected to become warmer and ice-free in summer by 2050 [34]. Increasing SST promotes phytoplankton growth in regions where the temperature is generally too low for optimal phytoplankton growth, as discussed further in the next section.



The annual mean SST was below 7 °C in the Okhotsk Sea, except in the south [15]. Like the Bering Sea, the Okhotsk Sea’s SST also exhibited a sizeable seasonal variation; below 0 °C in winter but reaching 13 °C in summer (Figure 2b). Coastal waters of the Kamchatka Peninsula experienced a substantial rise of 0.5–0.6 °C/decade (Figure 3b), resulting in recent enhanced phytoplankton growth. Overall, the temporal SST change from 1998 until 2018 of 0.41 °C/decade over the entire Okhotsk Sea was statistically insignificant (p = 0.38; Figure 3b and Table 1), although the central and eastern regions of the sea warmed (Figure 3b). He et al. [31] saw a similar increase of 0.5 °C/decade from 1998 to 2010, but Belkin [32] found a much lower rate of 0.13 °C/decade between 1982 and 2006. Different satellite data sources and periods might have contributed to the difference between these SST-increasing rates. A more extended time series generally yields a minor change because of temporal smoothing.



Unlike high-latitude seas, the climatological SST of the SCS generally tops 26 °C, except in China’s southeast coastal region [16], where the cold Chinese coastal waters flow southward when the NE monsoon prevails. This coastal water transports nutrients from the ECS to the SCS [35,36,37,38]. Figure 2c shows SCS’s SST. In contrast to the high-latitude seas which have a considerable seasonal SST variation, SCS’s SST varied only between 25 °C and 30 °C. Geographically, offshore SE China, with the lowest SST, had a declining SST. Yet the warmest areas in the southern SCS experienced increases (Figure 3c). In the mid and south SCS, the SST increased significantly at 0.1–0.2 °C/decade from 1998–2018, putting pressure on the growth of corals. Periodically SST drops due to internal waves or typhoons lessen the thermal stress [39,40], but these events were not apparent in the long-term satellite records. It is important to point out that the SST fell broadly in coastal waters off SE China and in the Taiwan Strait, where the chlorophyll content increased significantly (Figure 4c; [27]). This cooling may suggest increased coastal upwelling or enhanced southward transport of the ECS water in winter due to stronger winds, which would have increased surface nutrient supply, favoring phytoplankton growth.



In addition, the high-latitude seas generally saw an increasing SST from 1998 to 2018 (0.62 °C/decade and 0.41 °C/decade for the Bering Sea and the Okhotsk Sea, respectively). However, there was only an insignificant linear increase of 0.089 °C/decade in the SCS (p = 0.52; Figure 2c and Table 1). The SST’s quadratic polynomial fit had a slightly lower p-value of 0.37 (better correlation; Figure 2c) than the linear fit. There was a better quadratic fit because the SST fell initially after the strong El Niño year of 1997/98 when widespread warming occurred [41] and increased subsequently. However, the surface mixing layer became shallower from 1992–2000 [42], because of rising SST, especially during 1997/98. Globally, the SST increase was also uneven, with a slower rate in the tropical region [43].



Many reports have discussed SCS’s temporal SST variations, but the results depend on the period covered. He et al. [31] found little change between 1998 and 2010. Giuliani et al. [44] detected an increase of 0.28 °C/decade from 1960 to 2011, similar to that obtained by Bai et al. [11] (around 0.3 °C/decade from 2003 to 2014) in low-latitude Eurasian marginal seas; including the SCS, the Java-Banda Sea, the Bay of Bengal, and the Arabian Sea.



A comparison of other marginal seas around the globe reveals that the North Sea had warmed more slowly (0.13 °C/decade) than the roughly 0.5 °C/decade, of the Bering and Okhotsk Seas, despite their similar latitudes. The Bering and Okhotsk Seas are semi-enclosed, and their seemingly high warming rate between 1998 and 2018 was only moderate. Bai et al. [11] reported that enclosed marginal seas warmed more than open marginal seas based on the study of 12 seas around the Eurasian continent from 2003 to 2014; they did not cover the Bering and Okhotsk Seas.



The Black Sea had the fastest warming (0.19 °C/decade), followed by the Baltic and the Mediterranean Seas (0.1 °C/decade). The Sea of Japan, the ECS, and the Persian Gulf also showed rapid warming (0.9 °C/decade). The low-latitude SCS, the Bay of Bengal, the Java-Banda, Arabian, and the Red Seas exhibited slower warming (~0.3 °C/decade). Bai et al. [11] covered a period of 12 years without including the strong El Niño year of 1997–1998; the present study considers 21 years (1998–2018), possibly yielding a lower rate of change.




3. Chlorophyll Concentration


Earlier, we obtained a time series of chlorophyll concentration in the three studied seas from the Ocean Color project of the European Space Agency (ESA) Climate Change Initiative [14,15,16]. Monthly L3S chlorophyll concentrations with a spatial resolution of 4 km were used (http://www.esa-oceancolour-cci.org; accessed in 15 April 2019). Pixels were removed in turbid waters with reflectance at 555 nm larger than 0.1/sr. To diminish the effects of clouds and sea ice, we have used the monthly composited products rather than the daily or 8-day composited products as they exhibit high spatial-temporal variability. As a result of the terrestrial outflow of nutrients, entrainment by river plumes, coastal upwelling, and wind and tidal mixing, the coastal regions, especially bays and those parts within the plumes offshore of the Yukon and Amur Rivers, exhibit higher chlorophyll contents than deeper waters [14,15,16,36,45,46,47]. For example, chlorophyll concentrations reached 10 μg/L in the bay off the Yukon River in western Alaska, partly reflecting the thawing of permafrost in the river basin [48]. These coastal concentration seemed to be on the rise (Figure 4a,b). The chlorophyll concentration fell between 1 and 3 μg/L on the continental shelf and off Eastern Siberia compared with values lower than 1 μg/L in the deep basin [14]. The chlorophyll content had a considerable seasonal variability (Figure 5a,b), typically reaching a maximum in late spring and a minimum in winter, similar to that observed in other high-latitude seas, possibly a combined effect of limited solar radiation and sea ice’s shielding effect in winter.



The chlorophyll content in the Bering and Okhotsk Seas shows an overall increasing trend of 0.35 and 0.38 μg/L/decade, respectively, between 1998 and 2008 (p = 0.04 and 0.06, respectively; Figure 5a,b and Table 2), similar to what He et al. [31] reported for 1997–2010. However, between 2009 and 2018, the chlorophyll concentration decreased by 0.31 μg/L/decade in both seas (p = 0.11 and 0.21, respectively; Figure 5a,b, and Table 2). Overall, between 1998 and 2018, the chlorophyll concentration remained steady in the Bering Sea and increased slightly by 0.047 μg/L/decade in the Okhotsk Sea (p = 0.56; Figure 5b and Table 2). However, there was a significant increase in the southern Bering Sea (4–5%/yr) in that period, although the change was not apparent on the continental shelf (Figure 4a). Patches of these two seas showed a decreasing trend (blue in Figure 4a,b)



Significant increases occurred in the Okhotsk Sea, except in northwestern regions where sporadic declines occurred (Figure 4b). The most significant rise of 4–5%/yr happened in the central basin and in the northeastern bay. These findings are consistent with Bai et al.’s [11] finding that high-latitude Eurasian marginal seas displayed higher chlorophyll content between 2003 and 2014. The Baltic, Japan, and East China Seas showed the largest increase of 1.92%/yr, 1%/yr, and 1%/yr, respectively).



A higher SST generally results in a more stable water column, inhibiting nutrient supply from nutrient-rich deep layers to the oligotrophic surface euphotic layer, thereby lowering PP and chlorophyll content. Siegel et al. [49] indeed reported that in the world’s warm regions with an annual-mean SST above 15 °C, the chlorophyll value decreased significantly (0.18%/yr) from 1998 to 2011. Interestingly, they detected that the chlorophyll increased significantly (0.83%/yr) in the open seas of the high-latitude Southern Hemisphere, with an annual-mean SST below 15 °C. However, they reported no change in the high latitude Northern Hemisphere’s cold water regime, where the SST was less than 15 °C. Giesbrecht [50] also identified little variation in the Bering Sea between 2006 and 2016.



Thomas et al. [51] stated that phytoplankton’s optimal growth temperature typically exceeds the local ambient SST at mid and high latitudes. As a result, any SST increase in those regions makes the habitat come closer to the optimal temperature for certain phytoplankton species, possibly increasing their growth rate and thereby increasing the chlorophyll content. Furthermore, increasing global SST may also cause poleward shifts of phytoplankton communities, thus increasing phytoplankton biomass and PP at higher latitudes. As shown above, the Bering and Okhotsk Seas have warmed.



Of note is that warming reduces oxygen solubility. Higher temperature also increases metabolic rates, enhancing organic carbon and oxygen consumption [52]. However, an increase in chlorophyll concentration accelerates oxygen production. The outcome of these opposing effects is that the DO in most of the Bering and Okhotsk Seas has fallen since 1960 [18]. It is concluded that the increase in SST has a more significant role than the increase in chlorophyll content in reducing these seas’ DO.



From 1998–2018, chlorophyll concentrations significantly increased on the northern continental shelf of the SCS and off the Indochina Peninsula, in line with recent findings of Yu et al. [53] based on satellite data from 2002 to 2017. The chlorophyll concentration in the Taiwan Strait and the north SCS generally increased by 2.5%/yr between 1998–2018 (Figure 4c). Increased anthropogenic nutrient inputs or enhanced coastal upwelling have likely contributed to increasing chlorophyll. Patches of declining chlorophyll concentration formed sporadically in the central SCS basin and, inside those patches, the chlorophyll content fell by 1–1.5%/yr (Figure 4c). There was little variation from 1998 to 2018 (Figure 5c). Quadratic polynomial fitting reveals that the chlorophyll level initially increased and then decreased in those years. Figure 5c depicts a rise in chlorophyll concentration from 1998 to 2006 (0.15 μg/L/decade) and a decrease (−0.11 μg/L/decade) from 2007 to 2018, consistent with the two-phase changes observed in the Bering and Okhotsk Seas. However, the chlorophyll concentration has been falling in the Kuroshio region to the east of the SCS [54]. He et al. [31] detected no apparent change in the SCS between 1997 and 2010, whereas Palacz et al. [55] reported an increase of 0.04 μg/L (9%) over the same period. Li et al. [56] reported a rise from 2000 to 2014, although QP Li, the lead author of that paper, claimed no clear trend (personal communication, 12 January 2018). Bai et al. [11] reported a minimal increase (<0.001 μg/L/yr) from 2003 to 2014, in contrast to decreases in other tropical marginal seas, including the Arabian, Java-Banda, and the Red Seas, the Persian Gulf, and the Bay of Bengal.



As mentioned above, SCS’s chlorophyll concentration (Figure 5c) increased between 1998 and 2008 but fell after that. The year 1998 was a strong El Niño year when the SST was high, resulting in lower surface-water density and a more stable water column. Consequently, there was less vertical mixing than in other years, and smaller amounts of nutrients were pumped to the surface layer. The result was lower PP and chlorophyll content. Gregg and Rousseux [57] pointed out that it is an unfortunate artifact that the strong El Nino coincided with the launch of the modern satellite ocean color sensor. The so-called endpoint effect is a matter of concern.



Furthermore, it is difficult to predict future changes as riverine nutrient input would increase while the warmer surface layers would inhibit the mixing of generally nutrient-depleted surface layers with nutrient-rich deeper waters. In addition, marine biota’s physiological responses to nutrient concentrations and factors such as those caused by eddies, typhoons, and aerosol deposition may also change [58]. As in most other oceans, oxygen concentrations have been falling in the SCS basin. However, the oxygen concentration increased off SE China and the Indochina Peninsula during the study period [19], possibly due to the decrease in SST (higher oxygen solubility) and increased PP (more oxygen production), as revealed by the increasing chlorophyll content there (Figure 4c).



Interestingly, sediment traps in the basin of the SCS reveal that the content of particulate organic carbon and nitrogen (POC, PON) in the falling particles increased. Despite this, the POC/PON ratio still decreased, likely due to increasing anthropogenic nutrient inputs, which have caused the chlorophyll content in Hong Kong waters to rise since 1990 (Figure 4c; [26]). However, the DO concentration in the bottom layer declined from 2008 to 2018 due to increasing phytoplankton decomposition [26]. Intuitively, this latter finding seems inconsistent with the observed fall in chlorophyll content. The result is intriguing because the lower net PP corresponds to higher export efficiency in the SCS [59], where PP correlates positively with chlorophyll [60], so the falling chlorophyll content between 2007 and 2018 (Table 2) reflects a fall in net PP. Therefore, increasing export efficiency resulted in higher proportional amounts of POC and PON in the sediment traps. Increasing the POC and PON percentages was probably not caused by the rise in the riverine discharge as more terrestrial organic matter would lead to a higher POC/PON ratio, which did not happen. Lui et al. [26] reported that the increasing POC percentage occurred only briefly from 2008 to 2016. The POC flux [42] seems to have declined between 1992 and 1999. Multi-decadal data are necessary to identify any genuine long-term trend. Ground-truth validation is also necessary, as Shih et al. [61] pointed out that in situ productivity measurements are only half of the satellite-derived data in the SCS.




4. Secchi Disk Depth


The SDD reflects the attenuation of light and is a good measure of water transparency or water clarity. SDDs are easy to measure and have been observed for over a century [31,62,63,64]. The following analyses used the ESA’s Globcolour project satellite ocean-derived data with a spatial resolution of 4 km (http://globcolor.info/; accessed in 15 April 2019). Monthly L3m data were used, and trends were assessed pixel by pixel and reported as % change per year. Cloud- and ice-covered areas were masked. See Bai et al. [11] and Chen et al. [14,15,16] for details.



Generally, a continental shelf, especially in bays, coastal areas, and areas around giant river mouths, is associated with a low SDD because the sediment content and phytoplankton biomass in these areas exceed those in the deeper waters. Notably, rivers export both nutrients and suspended particles. In coastal seas, winds, tidal motion, and shipping and fishing activities disturb sediments beneath and move nutrient-rich bottom waters to the surface layer. Consequently, PP is enhanced by rising chlorophyll content while water clarity falls, lowering SDD. In the deep basins of all three seas, away from landmasses, the SDD is high, but the chlorophyll content is low [14,15,16]. The seasonal variability of the SDDs in the Bering and Okhotsk Seas, high in winter but low during the warm phytoplankton growing season (Figure 6a,b), is also a mirror image of that of the chlorophyll content (Figure 5a,b). However, the temporal variations of these variables in the SCS are different. Note that when taking averages for a sea, the heavily weighted high-chlorophyll area has a low weight for SDD [14]. As a result, some inconsistencies between the SDD and chlorophyll may arise.



In the SW Bering Sea Basin and off SW Alaska, a marked 2–3%/yr decrease in SDD occurred (blue in Figure 7a), possibly owing to increased chlorophyll concentration (brown in Figure 4a). However, the continental slope and the northern part of the Bering Sea Basin showed increased SDD between 1998 and 2018. On average, despite little change in chlorophyll content in the Bering Sea, a rise in SDD or more transparent water (0.43 m/decade, p = 0.37; Figure 6a) was exhibited. Note that we observed only satellites’ near-surface signals, and the subsurface signals may differ. For instance, Rohan et al. [65] reported more turbid subsurface waters in the Eastern Bering Sea from 2004 to 2018.



From 1998 to 2018, the annual mean SDD in the Okhotsk Sea increased by 0.46 m/decade (p = 0.3; Figure 6b), while it declined substantially at a rate of 2–3%/yr in the central basin (Figure 7b), likely as a result of increasing chlorophyll content (Figure 4b). Patches with increased SDD broadly match those of reduced chlorophyll concentration. He et al. [31] reported a much faster increasing rate of SDD (~0.8 m/decade) between 1997 and 2010.



The SCS revealed a slow increase of SDD of 0.29 m/decade (p = 0.36; Figure 6c; Table 1), implying that the SCS water was becoming clearer. This result is consistent with the notion that tropical and subtropical seas generally exhibit significant increases in SDD and decreases in chlorophyll content [49]. The SCS’s SDD fell from 1998 to 2005, then increased from 2005 to 2014 (Figure 6c) before declining again. Nevertheless, many coastal regions’ SDD decreased (Figure 7c), particularly off the Indochina coast and in the southern Taiwan Strait, possibly due to increasing anthropogenic nutrient outflow and chlorophyll concentration (Figure 4c). However, the SDD increased off the Pearl River estuary. Wang et al. [66] attributed this to the rising sea level, which causes the upstream movement of the maximum estuarine turbidity zone, directly contributing to increased water transparency offshore. He et al. [31] found decreased SDD in the SCS of around 0.8 m/decade from 1998 to 2010. The temporal variation of the SDD from 1998 to 2018 (Figure 6c) reveals that it fell from 1998 to about 2008—consistent with He et al.’s [31] findings—and increased after that.



Further, Bai et al. [11] reported that all 12 of the Eurasian continent’s marginal seas they studied exhibited increasing SDD from 2003 to 2014. The Persian Gulf saw the highest percentage increase (3.02%/yr, or 2.5 m/decade). The Java-Banda and the Arabian Seas also increased by around 1.3%/yr or 3.5 m/decade (p < 0.007). The other nine marginal seas exhibited growth rates of under 1%/yr. Note that different data coverage and satellite records make meaningful comparisons difficult. For example, Bai et al. [11] started their study in 2003—a year of relatively low SDD, particularly in the SCS (Figure 6c). They ended their analyses in 2014, after which the SDD declined steadily in the Bering and the South China Seas. Limiting the analysis to 2003–2014 would yield a faster increase in SDD. He et al. [31] and Bai et al. [11] used single satellite records from SeaWiFS and Aqua/MODIS, respectively. In contrast, we merged records from multiple satellites [14,15,16]. Nevertheless, the conclusion based on all records is that the SDD in the Okhotsk Sea increased over the last two decades.




5. Conclusions


This work used satellite-derived time-series records to demonstrate long-term variations in the SST, chlorophyll content, and SDD in the Bering, Okhotsk, and South China Seas from 1998 to 2018. Overall, the SST and the SDD increased by 0.62 °C/decade (p = 0.06) and 0.43 m/decade (p = 0.37), respectively, in the Bering Sea, although the chlorophyll concentrations did not change. In the Okhotsk Sea, the SST, chlorophyll content, and SDD increased by 0.41 °C/decade, 0.047 μg/L/decade, and 0.46 m/decade, respectively. These changes may have altered the seas’ biophysical processes and carbon sequestration. For example, oceanic warming has increased chlorophyll concentrations in the Okhotsk Sea, contrary to the established notion that a higher SST leads to lower chlorophyll content in tropical and subtropical oceans.



From 1998 to 2018, the SST in the SCS increased by 0.089 °C/decade, much lower than that in high-latitude oceans. The chlorophyll concentration did not change, but the SDD increased in the SCS by 0.29 m/decade. However, the SST, chlorophyll content, and SDD in the SCS changed in opposite directions in the two periods between 1998–2006 and between 2007–2018. The SST and SDD fell, while the chlorophyll content increased, in the former period. In contrast, the SST and SDD increased, while the chlorophyll content decreased, in the latter period.



All the above changes might have altered the biogeochemical processes in the three seas of interest and possibly in other marginal seas; these possible effects warrant further study. A longer record will also make the trends more meaningful.
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Figure 1. Maps of the (a) Bering, (b) Okhotsk, and (c) South China Seas (R. Schlitzer, Ocean Data View, http://odv.awi.de, 2018; accessed on 15 April 2019). 
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Figure 2. SST time series in the (a) Bering, (b) Okhotsk, and (c) South China Seas during 1998–2018. 
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Figure 3. SST trends in the (a) Bering, (b) Okhotsk, and (c) South China Seas during 1998–2018 (bright colors show pixels with p < 0.1). 
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Figure 4. Chlorophyll trends in the (a) Bering, (b) Okhotsk, and (c) South China Seas during 1998–2018 (bright colors show pixels with p < 0.1). 
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Figure 5. Time series of chlorophyll concentration in the (a) Bering, (b) Okhotsk, and (c) South China Seas during 1998–2018. 
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Figure 6. Time series of SDD in the (a) Bering, (b) Okhotsk, and (c) South China Seas during 1998–2018. 
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Figure 7. Trend maps of SDD in the (a) Bering, (b) Okhotsk, and (c) South China Seas during 1998–2018 (Bright colors show pixels with p < 0.1). 
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Table 1. Temporal changing rate and statistics of SST, Chl, and SDD during 1998–2018.
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Mean

	
Changing Rate

(%/yr)

	
Changing Rate (/Decade)

	
p Value






	
Bering Sea

	
SST

	
4.34 °C

	
-

	
0.62 °C

	
0.06




	
Chl

	
1.43 μg/L

	
−0.05

	
−0.007 μg/L

	
0.92




	
SDD

	
13.41 m

	
0.32

	
0.432 m

	
0.37




	
Okhotsk Sea

	
SST

	
4.35 °C

	
-

	
0.408 °C

	
0.38




	
Chl

	
1.57 μg/L

	
0.30

	
0.047 μg/L

	
0.56




	
SDD

	
12.67 m

	
0.36

	
0.457 m

	
0.30




	
South China Sea

	
SST

	
27.97 °C

	
-

	
0.089 °C

	
0.52




	
Chl

	
0.44 μg/L

	
−0.02

	
−0.001 μg/L

	
0.91




	
SDD

	
30.03 m

	
0.10

	
0.289 m

	
0.36
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Table 2. Changing rate and statistical information of Chl during different periods.
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Time Scale

	
Mean Chl

(μg/L)

	
Changing Rate

(%/yr)

	
Changing Rate

(μg/L/Decade)

	
p Value






	
Bering Sea

	
Phase 1

	
1998–2008

	
1.44

	
2.41

	
0.347

	
0.04




	
Phase 2

	
2009–2018

	
1.41

	
−2.22

	
−0.313

	
0.11




	

	
1998–2018

	
1.43

	
−0.05

	
−0.007

	
0.92




	
Okhotsk Sea

	
Phase 1

	
1998–2008

	
1.55

	
2.46

	
0.383

	
0.06




	
Phase 2

	
2009–2018

	
1.59

	
−1.93

	
−0.307

	
0.21




	

	
1998–2018

	
1.57

	
0.30

	
0.047

	
0.56




	
South China Sea

	
Phase 1

	
1998–2006

	
0.43

	
3.49

	
0.151

	
<0.005




	
Phase 2

	
2007–2018

	
0.44

	
−2.52

	
−0.112

	
<0.005




	

	
1998–2018

	
0.44

	
−0.02

	
−0.001

	
0.91
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